Glyconjugates such as mucins, proteoglycans, and polysaccharides form the structural basis of protective cell-surface layers. In particular gel-forming mucins define a zone between the epithelial cell layer and the environment. Such molecules are of extreme molecular weight 5-100 × 10 6 and size (Rg 20-300 nm). On this account their biochemistry is inseparable from their physical biochemistry. Combining laser light scattering and quartz crystal mass balance with dissipation methods (QCM-D) we have investigated the properties of the MUC5B mucin and its cognate fragments when bound to a hydrophobic surface. MUC5B forms the basis of gels responsible for the protection of the oral cavity, lung, and cervical canal surfaces. Here we show, by analyzing dissipative interactions of hydrophobic, gold, and polystyrene surfaces, with the intact MUC5B molecule, its reduced subunits, and glycosylated tryptic fragments (obtained after reduction), the formation of 40-to 100-nm-thick highly structured, hydrated interfaces. These interfaces are dominated in their geometry and dissipative properties by the negatively charged carbohydrate-rich domains of the molecule, the naked protein domains being responsible for attachment. These carbohydrate-rich surfaces have well-defined absorptive properties and permit the entry and entrapment of albumin-coated micro-beads into the absorbed layer at and below a size of 60 nm. However beads larger than 100 nm are completely excluded from the surfaces. These absorptive phenomena correlate with large changes in film dissipation and thus may not only be important in biological functions, e.g. binding viruses, but could also be informative to the surfaces (often ciliated) onto which such mucus films are attached.
Introduction
Major families of biological macromolecules such as polysaccharides, proteoglycans, mucins, and glycolipids play important roles in structuring and controlling the properties of the extracellular milieu. The polysaccharide, proteoglycan, and mucin families often comprise molecules of unusually large molecular weight, size, and complexity that form the basis of complex exoskeletons, supportive extracellular gels, or epithelial surface protection mechanisms. These biological functions relate to the rheological properties of their complexes and yet there are few approaches by which we may feel these dissipative properties while at the same time manipulating their biochemistry. Here we present a study combining light scattering and surface mass and dissipation measurements on a large gel-forming mucin (MUC5B) to demonstrate the value of these approaches in gaining insight into both its biochemistry and biological functions.
MUC5B is one of a small family of what are termed gelforming mucins which provide the structural basis of protective mucus gels to be found on a number of human epithelial surfaces. These gels provide surface entrapment and protection from toxic particles/molecules and also from pathogenic, chemical, and physical erosion while at the same time maintaining appropriate properties for removal by flow. They underpin the basis of many innate immunity properties and their disregulation is involved with important hypersecretory diseases. Analogs of these molecules are to be found in a variety of animals stretching back over time. The other common members of this family are called MUC5AC, MUC2, and MUC6. MUC5B, in particular, is a major contributor to saliva, glandular secretions of the airway, and cervical secretions (Sheehan et al. 1986; Thornton et al. 1994 Thornton et al. , 1999 Nielsen et al. 1997; Troxler et al. 1997) . We are particularly interested in the properties of this molecule in the airway as being an important and perhaps under some circumstances dominant contributor to the viscoelastic properties of airway secretions moving over ciliated surfaces (Thornton et al. 1994 (Thornton et al. , 1996 (Thornton et al. , 2000 Kirkham et al. 2002; Holmen et al. 2004; Sheehan et al. 2006) .
A schematic diagram outlining the major features of the structure of the MUC5B molecule is shown in Figure 1 . This model is based upon a body of biochemical, biophysical, and gene sequence data (Gerken and Dearborn 1984; Desseyn, Guyonnet-Duperat, et al. 1997; Desseyn et al. 1998; Offner et al. 1998) . These data indicate that the molecule as found in secretions is assembled from multiple large subunits. In some systems this assembly has been demonstrated to produce a long, linear polymeric thread whereas in other studied cases the multimerization may lead to complex crosslinked outcomes. Multimeric forms of MUC5B in excess of Mr ∼ 100 × 10 6 have been documented in the mucus obtained from an individual patient who died in status asthmaticus (Sheehan et al. 1995 .
As outlined in Figure 1 the structure of MUC5B is complex. Its large physical size and the presence of highly glycosylated domains of Mr ∼ 200-500,000 nullify many biochemical approaches that might be employed on normal proteins. Herein we seek to show that a relatively recently introduced method, i.e., quartz crystal mass measurement with dissipation M Kesimer and J K Sheehan Fig. 1 . The structure and organization of the MUC5B mucin. The intact molecule (upper left) as found in secretions is assembled from multiple large subunits (center top) via disulfide bond-mediated interactions between C-terminal domains to form dimers and subsequent interactions between N-terminal domains to form higher oligomers. Upon reduction of disulfide bonds the individual subunits are released in a modified form where globular protein domains are unfolded (center middle). These particles are thus called 'reduced' subunits and they are readily degraded by trypsin to yield a mixture of large heavily glycosylated glycopeptides (Mr 300-600 × 10 3 ) and small peptides (center, bottom). The interaction of the reduced subunits (left) and the T-domains (right) with colloidal gold (cGold) as imaged by electron microscopy indicating the specific absorption to naked protein domains is also shown. Scale bars are 100 nm.
(QCM-D) (Rodahl et al. 1995; Hook et al. 1998) , can have a unique role to play in the analysis of these molecules both biochemically and functionally. This method exploits the fact that a vibrating quartz crystal will change both its frequencies of vibration and the damping of these frequencies depending on the amount of added matter accumulating on the crystal surface. The method is arranged so that the dynamics of the formation of the layers may be readily measured as well as interactions of these layers with interacting partners. In particular this is a valuable tool for those interested in the relationship of the mechanics of hydrated surface layers such as found in the extracellular matrix with the chemistry of the interactions happening within them. Thus the method yields intuition as to the emergent physiology and signaling potential for such interactions. We have exploited a property of the mucins discovered in previous electron microscopy studies (Sheehan and Carlstedt 1990) , i.e., that colloidal gold binds exclusively to unglycosylated protein domains and is completely excluded from the carbohydrate-covered sequences of the protein as illustrated in Figure 1 . We have thus employed gold-coated quartz crystals on which to study the absorbed mucin layers.
Results
MUC5B prepared from human saliva yields a complex distribution of size, molecular weight, and glycoforms of this molecule and no attempt has been made to dissect Table I . Molecular weight and size distribution of whole (isolated by chromatography and centrifugation), reduced, and reduced-trypsin treated (T-domains) MUC5B measured by MALLS ( * ) and layer thicknesses created on QCM-D crystal using their solutions in NaCl as described in Materials and methods these contributing features; thus only average properties are being discussed here. It is a readily available source and also yields a simple model for assessing the contribution that the MUC5B makes to the dissipative properties of a real secreted physiological fluid, i.e., saliva as compared with the other contributory proteins. The MUC5B mucin was isolated by two approaches as described in Materials and methods. The molecular weight and radius of gyration of the intact mucin preparations as measured by multiangle laser light scattering (MALLS) (see Materials and methods) were similar and the data reported in Table I . To provide the basis for understanding a surface molecular layer of such a molecule the reduced tryptic domains that may be obtained from these molecules after reduction followed by trypsin 464 digestion as described in Materials and methods were first studied as previous physical studies, briefly illustrated in Figure 1 , suggest that the interpretation of the surface binding of this fragment to a gold surface should be unambiguous.
Layer thickness

Reduced tryptic fragments
Samples were prepared for QCM-D and run as described in detail in Materials and methods. MALLS studies (Table I) indicate that these fragments have an average molecular weight of around 600 × 10 3 , a radius of gyration of 35 nm, and a configurational length of 100-150 nm in agreement with previous studies (Carlstedt et al. 1983; Thornton et al. 1999) . Electron microscopy of reduced tryptic fragments marked with colloidal gold (Sheehan and Carlstedt 1990) indicates that the gold attaches to one end of the glycopeptide fragments and also that a number of these fragments may bind to a single gold nanoparticle. Examination of the trypsin cleavage sites in the small cysteine repeating domain which punctuate the large glycosylated domain of MUC5B indicates the presence of a residual 10-amino-acid sequence VFCCNYCHCP at the N-terminal end of the last four large glycosylated domains which is presumably responsible for this behavior (Figure 1 bottom right) , all the other potential tryptic peptides in this region being accounted for in mass spectrometry of the purified MUC5B (data not shown).
To provide an alternative view in solution of how these particles bind to such surfaces, gold particles (nominal diameter 30 nm) and 380 nm hydrophobic polystyrene beads were coated with reduced tryptic domains and their size in water was measured by quasi-elastic light scattering as described in Materials and methods. The size distribution as estimated from intensity is shown in Figure 2A and is remarkably tight and uniform, there being no evidence of open-ended aggregations of the beads. This method which essentially measures the average increase of the equivalent Stokes diameter of the particles due to the presence of the mucin fragments bound to them shows an increase in the Stokes diameter for the gold from 28 nm to 60 nm consistent with two or more reduced tryptic fragments binding to a single gold particle (Figure 1 ). For the larger polystyrene particles (nominal diameter 380 nm) the measured increase in the Stokes radius was from 388 nm for the beads alone to 520 nm for the bead-glycopeptide complexes as measured in water ( Figure 2A ). A typical data profile for QCM-D is shown for this fragment in Figure 2 (B) in which both the frequency shift (lefthand axis) and dissipation shift (right-hand axis) are plotted versus time for the three overtones. The dissipation increases slowly the solution being refreshed in this experiment on six occasions. Analysis of these data using the proprietary software supplied from Q-Sense (Sweden) predicts a layer that thickens with time to around 40 nm. This would be consistent with the formation of a relaxed monomolecular layer as anticipated by the binding of this fragment to the gold surface at one end. A further simple prediction for such a polyelectrolyte layer is that it will thicken substantially if the supporting electrolyte is removed. In Figure 2 (B) the effect on the dissipation (a doubling) by exchanging 0.2 M NaCl with water is demonstrated and the thickness of the layer is predicted by QCM-D measurements to be about 70 nm in reasonable agreement with the data obtained by the light scattering approaches discussed above.
Reduced subunit absorption
The reduced subunit is an important though structurally compromised fragment. It is compromised not only on account of the unfolding of previously folded strongly hydrophobic domains both at its C-and N-termini but also due to the small cysteinerich domains repeated seven times through the highly glycosylated region of the protein. However depending on its mode of preparation it represents most closely the primary gene product providing that no proteolysis has compromised the integrity of the core protein as described in Figure 1 . Figure 3A shows a typical F and D trace after the addition of a freshly prepared subunit sample made from a CsCl-purified mucin preparation (see Materials and methods) that was reduced and then dialyzed against an excess of saline as described in Materials and methods. The , and F7) black, gray, and light gray, respectively, and the dissipation increases as a function of time for the three overtones (D3, D5, and D7) as shown in red, blue, and green, respectively. A typical F and D trace after the addition of a freshly prepared subunit sample made from a CsCl-purified mucin preparation that was reduced in 6 M GuHCl and then slowly dialyzed against an excess of 0.2 M NaCl is shown in (A). The data are consistent with an absorbed layer of about 59 nm thickness achieved after 15 min. An F and D trace of reduced mucins (B) prepared by chromatography on a CL-2B column as described in Materials and methods shows slow but continuously increasing levels of dissipation and frequency. This indicates the formation of an open-ended nonsaturating absorbed layer. The chip was re-zeroed after a buffer wash for 40 min and subsequently treated with increasing concentrations of GuHCl between which a buffer wash step was performed (C). The wash steps indicated the sequential removal of material from the chip (C). Calculation of layer thickness in the buffer zones (D) indicates the removal of material from the chip bringing it back to similar levels (highlighted in green) in experiment (A). data are consistent with a slightly thicker absorbed layer (59 nm) than those achieved by the reduced glycopeptides. This is consistent with the presence of unfolded hydrophobic domains as evidenced by the ability of colloidal gold to bind to these regions only after reduction (Figure 1 bottom left) . Thus, the binding configurations of the reduced subunit to the gold surface will be more complex than that of the reduced glycopeptide due to the diversity of hydrophobic patches exposed on the macromolecule (Hook et al. 1998; Rawle et al. 2007 ). Evidence for a potential for uncontrolled hydrophobic interaction effects may be seen in a separate approach where the mucin was first reduced in GuHCl and subsequently rapidly chromatographed on a CL-2B column (see Materials and methods) to rapidly exchange the GuHCl for saline. A dramatic nonspecific association was observed during the chromatography step (data not shown), and the QCM-D data obtained on the mucin fraction collected through the chromatography ( Figure 3B ) yielded the highest dissipation levels (D7 = 30 × 10 −6 ) and thickest layer (80 nm) obtained in these studies. Interestingly washing the chip with increasing concentrations of GuHCl decreased both dissipation and frequency levels back to those obtained for the subunits obtained via the dialysis method ( Figure 3C and D) .
The whole MUC5B mucin and its comparison with saliva
The intact (i.e., nonreduced) mucins as isolated chromatographically and by density gradient were high molecular weight mass (20-100 × 10 6 ) and size (100-300 nm radius of gyration) as measured by MALLS (average values are given in Table I ). Similar QCM-D profiles for F and D were obtained for both preparations and the density gradient isolation case is shown in Figure 4A where a layer of thickness of 47-50 nm was obtained. These values are to be compared with those obtained directly from saliva that was simply centrifuged in a benchtop centrifuge to remove debris. This fluid applied directly to the QCM-D chip ( Figure 4B ) showed similar binding kinetics and yielded a layer of the same thickness (49 nm) as the pure MUC5B mucin. The similarity of these numbers confirms that the large MUC5B mucin which is the main macromolecule (sometimes called MG1) in saliva is creating a similar dissipating layer even in the presence of other protein components. More surprising to us was the similarity of the calculated thickness of the native MUC5B layer with values obtained for its reduced subunits and this will be discussed at length below.
These data open up an avenue for the study of the formation and physical properties of such layers, and two specific , and F7) in black, gray, and light gray, respectively, and the dissipation shifts for the three overtones (D3, D5, and D7) in red, blue, and green, respectively, are shown for purified MUC5B as it attaches to the crystal (A). The background supporting solvent was 0.2 M NaCl with 0.01 M EDTA. The data are consistent with an absorbed layer of about 50 nm thickness. This situation is compared in (B) with a real physiological fluid (human saliva) in which the dominant large macromolecule is MUC5B. A single frequency value F3 MUC5B (blue) and saliva (red) and dissipation value D3 MUC5B (gray) and saliva (black) were compared. Saliva is a complex fluid containing many globular proteins but the similarity of the surfaces formed indicates the dominating contribution of the MUC5B.
examples concerning the porosity of absorbed mucin layers and the effects of adhesions to such layers are given below. The porosity of absorbed protective mucin layers is a key consideration in thinking about how particles of different sizes will interact with such a surface. Is the interaction to be considered with respect to surface or volume properties and can biosurfaces detect the difference, i.e., what can enter or possibly be entrapped by them as compared to what adheres to them? The porosity of absorbed mucin layers was tested employing albumin-coated polystyrene beads between 200 nm and 20 nm. The data (Figure 5A) indicate that the 200 nm and 100 nm beads were not attracted or bound to the adsorbed mucin surface whilst below this size, i.e., 60, 40, and 20 nm, the beads were absorbed into the matrix and in particular changed its dissipation dramatically as well. Intriguingly the layer was nonsaturable with beads of different sizes, i.e., it was not possible to saturate the mucin layer by the initial addition of the smallest beads perhaps indicating that there are pores of different sizes in the absorbed layer.
A key issue in understanding the biology of mucus layers relates to what adheres to them and whether their dissipative properties are substantially changed through these adhesions. This might be particularly important in the lung where viscid mucus plaques attached to bronchial surfaces are a feature of a variety of airway diseases such as asthma, CF, and chronic bronchitis. These plaques may indeed be a primary causative agent in attracting, selecting, and settling certain bacterial strains that prompt further damaging inflammatory responses. Anticipating that the charged carbohydrate nature of the surfaces generated here will have strong interactions with polyanions we sought to examine the inside/outside nature of the absorbed layers employing polylysines of different sizes. The absorbed layers of whole mucins were challenged in a QCM-D experiment with a Fig. 5 . Testing the porosity and adhesive properties of adsorbed mucin layers. The frequency decreases as a function of time for the three overtones (F3, F5, and F7), black, gray, and light gray, respectively, and the dissipation increases as a function of time for the three overtones (D3, D5, and D7) as shown in red, blue, and green, respectively. (A) To test the porosity of a MUC5B mucin layer it was challenged with albumin-coated beads of 20, 40, 60, 100, and 200 nm in size. An excess of albumin (2 mg/mL) was included with the beads. Intervening buffer washes were performed between each challenge. The 200 nm and 100 nm beads were not attracted or bound to the mucin surface whilst below this size i.e. 60, 40, and 20 nm, the beads were absorbed into the matrix, changing its dissipation dramatically. Addition of BSA alone yielded no significant dissipation and frequency changes. Under these solvent conditions there was no attraction of albumin-coated beads alone to the surface (data not shown). An example of an absorption effect onto a pre-formed MUC5B layer is shown in (B) where the large polycation polylysine was employed. A polylysine of Mr 150-300 kDa yielded small but significant changes in both F and D consistent with the thickening of the layer. The question as to whether the polylysine accreted as a separate layer is addressed in (B) where further addition of the MUC5B mucin yields a dramatic increase in dissipation. Fig. 6 . Frequency versus dissipation changes during the absorption of different mucin preparations. The similarity in the slope for whole saliva (blue), whole mucin (red), and reduced mucin (green) indicates that the viscoelatic properties of these layers must be similar. The slope of the T-domain (magenta) is significantly higher indicating that the layer has a different structure and is more elastic for reasons discussed in Figure 7 . The behavior of a BSA layer which forms a solid almost nondissipating layer is shown for comparison (dark line).
M Kesimer and J K Sheehan
polylysine of Mr 150-300 kDa. These molecules clearly bound to the absorbed mucin layer and enhanced its dissipation (Figure 5B ) as compared with smaller polylysine molecules that bound but decreased the dissipation slightly (data not shown). Challenging these two situations again with an intact MUC5B mucin yields a dramatic increase in dissipation in the case of the large polylysine layer ( Figure 5B ) as against almost no effect for the small polylysine (data not shown). Thus there was a dramatic difference in the surface exposure for these two different size polylysines.
Plot of df/dt versus dD/dt
There is a clear indication in these data that the intact mucin dissipation change is similar for the two whole mucin preparations and also to that for whole saliva. This may be highlighted by plotting df/dt against dD/dt for the data from the different preparations ( Figure 6 ). This mode of data presentation is valuable in comparing the bound mass to dissipation ratios globally and in this case indicates that the viscoelastic properties of these layers must be very similar. Intriguingly the slope of the reduced tryptic sample is significantly higher indicating that the layer has a more elastic dissipative structure proportionate to the mass of the molecules bound. At first look this is very surprising because this fragment is some 100 times lower in molecular weight and 10 times smaller than the intact molecules used in this study. An explanatory hypothesis is explored below.
Discussion
There are few dissipative studies on these glycoproteins to which these data can be compared. A recent study (Feiler et al. 2007 ) of a bovine submaxilliary gland mucin employing QCM-D concluded that the method was valuable for studying the absorption properties of such molecules and their possible interactions with specific proteins. The preparation employed in those experiments was commercially available and limited physical characterization was attempted. However the goal of the authors was targeted at the biomaterials research value of such an approach not at its contribution to the biological research on mucus/mucin layers. In this study we have employed QCM-D together with modern biophysical approaches to ask three questions: (1) Can a reasonable physical model for a mucus surface created upon a hydrophobic interface be built up from such data? (2) Do the mucins play the dominant role in such surfaces as anticipated? and (3) Do such artificial surfaces provide a robust model that might mimic biological function and activity?
The tryptic fragment obtained after reduction is probably the only material simple enough to sustain a detailed analysis on the basis of binding to the gold surface by a defined sequence at one end of the molecule. However it provides an important constraint for building a model for subsequent mucin/mucus layers that assemble on hydrophobic surfaces. The thickness of the reduced tryptic fragment layer in water as measured by the increased Stokes diameter of coated polystyrene beads is around 70 nm similar to that for QCM-D using the proprietory software supplied which analyses the frequency and dissipation of the crystal overtones. These values are to be compared with the free solution radii of gyration of 20-35 nm for these fragments. These data are consistent with the oligosaccharide-rich domain being largely excluded from the hydrophobic positively charged gold surface as cartooned in Figure 7 (A). The glycopeptide layer thus approximates to a relaxed brush-like structure (Degennes 1980; Harden and Cates 1996) . These oligosaccharide-rich tryptic fragments are negatively charged, many containing both terminal sialic acid and sulfate residues (Shori et al. 2001; Veerman et al. 2003) . Thus the increasing dissipation and decreasing frequency of the layer in going from salt to pure aqueous ( Figure 2B ) is consistent with the decrease of Debye-Huckel screening of these polyelectrolytes and the increased thickness and rigidity of the layer. A cartoon indicating our view of these fragments on the surface is shown in Figure 7A .
The avoidance of an oligosaccharide interaction with the chip surface is a powerful constraint and strong structuring influence. It provides a possible mechanism to rationalize the subsequent experiments on the reduced subunits which can be isolated in a highly pure form as can be shown by mass spectrometry (data not shown). Thus the interpretation of these data cannot be attributed to the presence of extraneous proteins. The surface interactions of these fragments, though not so relevant from a physiological point of view, are important in gaining confidence in our analysis of these layers and the kinds of artifacts that might interfere with data interpretation. High concentrations of GuHCl (2-6 M) are classically employed in protein denaturation studies to unfold the polypeptide chain into a random coil structure and similar effects are achieved by urea. This is in distinction to high concentrations of NaCl which is not a denaturant and will often stabilize a protein tertiary structure. However the rapid removal of GuHCl or urea from a denatured protein solution will often tend to leave the proteins highly crosslinked due to uncontrolled nonspecific hydrophobic interactions and this appears to be the case for our reduced subunits after the rapid removal of the GuHCl. These subunits appear to be extensively aggregated for this case and yield highly dissipating layers that get thicker with time. Washing such layers with increasing GuHCl concentrations removes the subunits that are nonspecifically crosslinked to each other but not directly bound Quartz crystal microbalance with dissipation monitoring of MUC5B adsorbed layers Fig. 7 . Schematic representation of the binding of T-domains and whole mucins to the gold-coated crystal QCM-D chip. (A) T-domains bind to the gold-coated chip by a short (10 amino acid) residual peptide sequence exposed at the N-terminal end of the strongly glycosylated domain. The presence of this domain is highlighted in electron microscopy of T-domain-colloidal gold complexes (see Figure 1) . Q-tools predict a layer that thickens to around 40 nm. The effect on dissipation (a doubling) due to exchanging 0.2 M NaCl with water corresponds to an increase of layer thickness to about 70 nm in good agreement with the light scattering measurements on T-domain hydrophobic bead complexes (Figure 2A ). This increase arises due to the Debye-Huckel unshielding of adjacent electrostatic charges. (B) The whole mucin also binds to the gold surface via their exposed intact protein domains at the N-and C-termini. However the large size and multiple protein domains on these molecules give rise to the random attachment to the surface and thus flatten their profile.
to the chip. Gently renatured dilute subunit preparations do not show such phenomena and yield only slightly thicker dissipative surfaces than the glycopeptides, of which they are mainly composed. We envisage that such subunits have the possibility of making more than one point of contact with the gold surface employing both N-and C-terminal ends of the protein core (see Figure 1) .
The whole mucins present a different situation again, in that their hydrophobic domains are still folded and globular and the small internal Cys-rich domains are now fully folded and buried under a carapace of oligosaccharides (Figure 1 ). However their large size would lead to random interactions of their multiple protein-rich termini with the gold surface flattening their profile with respect to the chip. We suggest that such a pattern of interactions would populate the chip with a loose mucin network not much thicker than the glycopeptides or the subunits ( Figure 7B ).
Finally our preliminary attempts to use the surfaces as substrates for binding, adhesion, and penetration studies are intriguing and promising. The absorbed layers formed by the intact mucins resist penetration of particles at and beyond 100 nm but readily absorb particles at 60 nm and below and subsequently modify the dissipative properties of the layer. Such properties may be vital in differentiating between and binding to different pathogens such as viruses and bacteria. Using polylysine as a rather crude mimic of an adhesive protein yields different behaviors depending on the size of the molecule. The small molecules show little effect on the dissipation of the layer and do not act as a focus for further mucin binding to it. This is in contrast to the high molecular weight polylysine which appears to be entrapped in the surface of the layer and permit the strong adhesion of a further layer of the mucin. Such adhesions may be an important analog of what is found on mucus-rich surfaces such as the lung during infection and subsequent inflammatory processes.
Conclusions
Binding macromolecules to surfaces, e.g., the Biacore or more typically membranes or ELISA plates, is a classic strategy both for their detection and analysis of their interactions with other molecules. For many globular protein studies there may be little to gain by employing QCM-D approaches as against other available methodologies. However for large space filling molecules such as mucins there is much insight to be gained from studies of their dissipative behavior. The MUC5B mucin forms the structural basis of the protective coats in the mouth, the cervix, and the lung. In controlling access to the surface these coats form the basis of many innate immune mechanisms. Here we show that the interaction of the fully assembled MUC5B mucin with a generic hydrophobic surface such as might be encountered on a biosurface or an ingested particle is a layer of about 50-80 nm thickness arising from protein interactions with the surface. This is surprisingly similar in thickness to the surface layer created by the much smaller oligosaccharide-rich reduced tryptic fragments composing the main body of the mucin subunit (40 nm). These fragments contain only a short hydrophobic sequence at their N-terminal ends and appear to be grafted to the surface by this means. These carbohydrate-rich nanolayers appear to be structured and in particular can absorb beads below 100 nm in size and in doing so can change their dissipative behavior.
Materials and methods
Quartz crystal mass detection with dissipation QCM-D (Q-sense, Sweden) has been developed to measure both mass and structural properties of the absorbed molecular layers formed on quartz crystals (Rodahl et al. 1995; Hook et al. 1998) . These crystals can be coated with an appropriate material surface of interest such as gold, polystyrene, silicone dioxide hydroxyapatite, etc., to which the molecules absorb. Due to the piezoelectric properties of quartz, it is possible to excite the crystal to oscillation by applying a voltage pulse across its electrodes. The crystal has a natural frequency F0 and also overtones F3, F5, F7, when pulsed electrically. On loading the crystal surface with an undeformable mass the frequency changes in proportion to the loading mass and there is no dissipation change. The mass of the adhering layer is calculated by using the Sauerbrey equation: where C = 17.7 ng Hz −1 cm −2 for a 5 MHz quartz crystal and n = 3, 5, 7 is the overtone number.
It is also possible to get an estimation of the thickness (d) of the adhering layer from the formula
where ρ eff is the effective density of the layer.
In many situations the adsorbed film is not rigid but floppy and the Sauerbrey relation becomes invalid. A film that is "soft" (viscoelastic) will not be fully coupled to the oscillation of the crystal and the surface mass will be underestimated. A soft film dampens the crystal's oscillation. The damping or, dissipation (D), of the crystal's oscillation reveals the film's softness (viscoelasticity) D as defined by
where E lost is the energy lost (dissipated) during one oscillation cycle and E stored is the total energy stored in the oscillator.
The dissipation of the crystal is measured by recording the response of a freely oscillating crystal that has been vibrated at its resonance frequency. This also gives the opportunity to jump between the fundamental frequency and overtones (e.g., 15, 25, and 35 MHz) . By measuring at multiple frequencies and applying a viscoelastic model (the so-called Voight model) the properties of the adhering soft film, i.e. viscosity, elasticity, and thickness, can be estimated when certain assumptions are made. From a biological perspective our goal is to specify the nature and mechanism of the molecular attachment to the surface, i.e., to create specific matrices for studying their structure and interactions. A variety of such studies relevant to biology may be found in Andersson et al. (2003 Andersson et al. ( , 2005 , Ayela et al. (2007) , Rawle et al. (2007 Rawle et al. ( , 2008 , and Schofield et al. (2007) .
Sensor crystals coated with pure gold were employed in this study. All protein and mucin solutions were made up in the 200 mM NaCl solution with 10 mM EDTA using high-purity Milli-Q water. The buffer filtered through 0.2 µm filters and degassed by sonication before use. All experiments were conducted at a constant temperature of 26
• C. Solutions were flowed over the crystal at 50-100 µL/min at concentrations typically between 50 and 100 µg/mL.
Measuring mass and size of mucin solutions by MALLS
MALLS was performed in-line with gel permeation chromatography to measure weight average molecular weight (Mw) and hydrodynamic radius of gyration (Rg) distributions of isolated whole and tryptically digested mucins. This approach yields absolute values of the concentration and molecular weight and size distributions (Thornton et al. 1996) . Briefly the mucin preparations were chromatographed either on a Sephacryl 1000 (15 cm × 2.5 cm) or a Sepharose CL-2B (15 cm × 2.5 cm) column eluted with 0.2 M NaCl at a flow rate of 500 µL/min. The column effluent was passed through an in-line Dawn DSP laser photometer coupled to a Wyatt/Optilab 903 (CA) inferometric refractometer to measure light scattering and sample concentration, respectively. Light scattering measurements were taken continuously at 18 angles between 15
• and 151
• ; the data were analyzed according to Zimm (1948) .
Mucin preparations
The Intact MUC5B Mucin. The intact MUC5B mucin used in this study was isolated from saliva essentially as previously described (Mehrotra et al. 1998; Thornton et al. 1999) . Saliva was collected from an individual healthy male donor. Saliva was stimulated by chewing on Parafilm and collected into an equal volume of 200 mM NaCl on ice. The solution was centrifuged at 3000 × g av for 10 min at 4
• C. The supernatant was decanted and stored at 4
• C until processed further. MUC5B from saliva was isolated both by a single-step gel chromatography procedure and a two-step procedure involving chromatography fractionation followed by density gradient fractionation . In brief aliquots of the supernatant chromatographed on a column of Sephacryl 1000 (50 cm × 2.5 cm) eluted with 200 mM NaCl with 10 mM EDTA, pH 7, at a flow rate of 1 mL/min. The mucins eluted in the void volume of the column (MUC5B) were then subjected to CsCl/4 M guanidinium chloride density gradient centrifugation at a starting density of 1.4 g/mL in a Beckman Ti45 angle rotor at 40,000 rpm for 67 h at 15
• C. The mucin (MUC5B) containing fractions were determined by a polyclonal antibody against MUC5B (MAN5BI, Thornton et al. 1997 ) and subsequently pooled and dialyzed into 200 mM NaCl with 10 mM EDTA, pH 7.0.
Reduced Mucin Subunits. Reduced mucin subunits were obtained by the treatment of the purified mucins in 6 M guanidinium chloride/0.1 M Tris, pH 8.0, with 10 mM dithiothreitol for 2 h at 37 • C. Iodoacetamide was then added to a final concentration of 25 mM, and the mixture was left in the dark for 30 min at room temperature. Reduced mucin subunits were dialyzed into 200 mM NaCl with 10 mM EDTA and stored at 4
• C.
Reduced Tryptic Glycopeptides (T-Domains).
Reduced tryptic glycopeptides (t-domains) were obtained from reduced mucin subunits. These were dialyzed into 50 mM ammonium hydrogen carbonate, pH 8.0, and digested overnight with trypsin at 37 • C. The digest was chromatographed on a Superdex 200 HR 10/30 column in 50 mM ammonium hydrogen carbonate at a flow rate of 0.3 mL/min. The void fraction was collected and contained the large glycopeptides/T-Domains.
Dynamic Light Scattering Measurements (Quasielastic Scattering)
These experiments were conducted on the reduced tryptic glycopeptides and whole mucins to give alternative estimates of the mucin surface layer thickness. The prediction from previous electron microscopy studies that colloidal gold bound only to one end of the reduced tryptic fragments was confirmed here by dynamic light scattering experiments performed on glycopeptides bound to 30 nm (nominal value) colloidal gold particles (BBInternational). The thickness of the glycopeptide and whole mucin coats on an open hydrophobic surface was tested using polystyrene beads (380 nm as a nominal value, Molecular probes). These experiments provided an alternative estimate of a surface coat thickness and the likely nature of the glycopeptide and mucin binding to hydrophobic surfaces to compare with estimates made by QCM-D. From previous electron microscopy experiments we have shown that a number of such fragments bind avidly to a single gold nanoparticle by one end.
